Optimization of water supply looped networks has attracted a great deal of attention from researchers for more than 30 years. As the classical water supply looped network optimization problem is mathematically non-convex and multimodal, the resulting solution of most approaches is uncertain in the sense of how close it is to the ''best'' solution. In many cases, this ''best''' or ''global'' solution is invoked and pursued only intuitively without a clear understanding of its meaning. This paper discusses what is involved in ''global'' solutions and the role that pipe flow distribution can play to deal with non-convexity and multimodality in a new context. The author has introduced this new context recently after formulating a new objective function capable of finding a looped network that can be economically more attractive than its related branched one. Therefore, the convenience of an approach dealing with flows and heads, as relevant decision variables, is encouraged in this paper and its advantages enumerated under the new concepts.
NOTATION
a coefficient of pipe failure frequency formula B parameter in Equation (11) C constant defined in Equation (1) C n1 , C n2 number of pipes connected to nodes n 1 and n 2 of broken pipe Uncertainty is a major drawback inherent in the field of water-supply looped-network design optimization. Uncertainty is present when estimating current and future demands, diurnal demand variation, pipe friction coefficient, network and system reliability, etc. Adding to this assertion is the uncertainty arising from the results of the optimization procedure itself. As the classical water supply looped network optimization problem is mathematically non-convex and multimodal, despite the existence of numerous approaches to deal with it, no single one can claim achievement of global optimality in the general case. Therefore, the final solution is uncertain because it is not known how far it can be from the actual global optimal solution.
This uncertainty is typical (although not exclusive) for some approaches whose solutions are dependent on initial trial solutions (Morgan & Goulter 1985; Park & Leibman 1993; Gupta & Bhave 1996; Xu & Goulter 1997) . Even more, for the classical formulation (minimize capital cost objective under nodal and loop constraints), the achievement of actual global optimality would be useless in practice because it would lead to purely branched networks. The meaning of global optimality will be further discussed below.
Apart from the uncertainty regarding optimality, some approaches produce continuous pipe diameter solutions (Varma et al. 1997; Tanyimboh & Templeman 2000) or the so-called split pipe solutions (Loganathan et al. 1995) which further deviate them from the practical engineering solution.
Procedures dealing directly with discrete pipe diameters have been introduced. A group of these techniques apply evolutionary algorithms (Savic & Walters 1997; Cunha & Ribeiro 2004 ) that, despite their capacity to evaluate tens of thousands of solutions, are not free from the above-mentioned drawbacks. Also, they seem to be limited by the computer time load for actual large networks. Just recently, an integer-programming algorithm (IPA), handling discrete diameters, has been proposed (Samani & Mottaghi 2006) .
Although the IPA example solution provided is a quasibranched (pseudo-looped) network, the technique might be promising if it proves to be consistent and robust (Martínez 2008) .
In some cases a reliability constraint has been added (Xu & Goulter 1999; Afshar et al. 2005) This is the purpose of the present paper.
CLASSICAL OBJECTIVE FUNCTION
Although the basic decision variables are pipe diameters, perhaps due to the high non-linearity associated with diameters, some researchers have formulated the problem in terms of separated sets of flows and heads (Alperovitz & Shamir 1977; Chiong 1985; Sarbu & Kalmar 2002; Martínez 2007 Martínez , 2010 .
The objective function (OBF) in Chiong (1985) cited by Martínez (2007 Martínez ( , 2010 ) is restricted to account for costs only in the pipe network. The sum c of annualized capital costs and annual energy costs which is to be minimized is then 
where i,j: subscripts in Equation (2) for nodes belonging to pipe k; Q k : flow in pipe k (positive if leaving the node);
hf k : head loss in pipe k; q i : exterior flow in node i (outflow þ ); z: set of pipes k connected to node i; NN: total number of nodes in network; l k : constant including the friction coefficient; n,r: exponents of the friction formula.
Equation (2) is an expression of Bernoulli's law for each pipe, Equation (3) is the node flow continuity and Equation (4) is a generic friction formula. Substitution of Equations (4) into the OBF leads to
where
In this model the decision variables (unknowns) are the x values in nodes (all but one) and one Q value for each loop.
This formulation is the same as the classical one except for the energy term.
In order to obtain a convenient expression for the OBF, substitute Equation (3) into Equation (5) and assume that nodal heads at sources are given so the energy term in Equation (5) were known then a plot of c 0 versus Q 1 could be drawn from the following equation:
where now all K values are constant. By taking equal values for them, the plot will not be biased by differences in the hf k values.
Assuming reasonable values for the parameters (
a plot is made of Equation (7) as the case (a) thick line in Figure 1 . The plot is presented with a non-dimensional abscissa scale (fQ 1 ¼ Q 1 /q A ) and the ordinate scale is $/year but its numerical values are irrelevant.
Most interesting here is the shape of the curve and the following characteristics: (i) the curve has three maxima as stationary points; (ii) there are also four non-stationary minima located precisely where each one of the four pipe flows are zero:
Thus the concavity and multimodality here can be clearly noticed. It is also apparent from Figure 1 that in all minima there is a discontinuity in the derivative. This can also be obtained by calculating the derivative of Equation (7) with respect to Q 1 and noticing that it goes to infinity at those points. It has been shown (Chiong 1985) that this function would become convex and unimodal for mn/r41, which could only happen for m42.5 and this would deny the economy of scale in pipe costs; that is why it cannot be achieved under common values of the exponents.
Where are, in Figure Although it is true that Figure 1 has been drawn for constant hf k for the sake of simplicity, it is believed that this analysis gives enough insight into the relationships involved.
As an extension, similar conclusions can be derived from more general cost-flow drawings for two loops given by Loganathan et al. (1995) and (even better) from Kessler & Shamir (1989) . 9 Plot of Equation (7) for one-loop network and cases (a) and (b).
NEW OBJECTIVE FUNCTION
A new OBF has been proposed by Martínez (2007 Martínez ( , 2010 . The new OBF is obtained by adding a new term to Equation (1), which accounts for the expected annual cost involved in a pipe breakage. This expected cost includes the cost of failure repair and the cost of supplying affected consumers by other means. In such a formulation, explicit use is made of an empirical formula to express the frequency of failures: V f ¼ 86400 Á Q break : volume per day that must be supplied to affected consumers; Q break ¼ (Q n1 /C n1 þ Q n2 /C n2 ) for broken pipes in loops; Q n1 , Q n2 : demand flow as volume per second in nodes n 1 and n 2 of the broken pipe; C n1 ,C n2 : number of pipes respectively connected to nodes n 1 and n 2 ; Q break ¼ Q k for pipes not in loops (the whole pipe flow). Further details can be found in the original paper of Martínez (2007) . Substitution of Equation (4) into Equation (8) leads to
By substitution of Equation (3) into (9) and making similar assumptions to those leading to Equation (7) it can be obtained that
where c 0 is the same as in Equation (7) and the B values are constant. For a plot of Equation (11) another set of parameters are assumed (10 5 a ¼ 3.50; u ¼ 1.27; t f ¼ 2.0 day; 2007, 2010), is not free from certain drawbacks when the intention is to find the global optimum.
TWO STAGES
The main purpose of the foregoing discussion was to demon- In order to practically eliminate the uncertainty about the optimality of the solution and, at the same time, to get both non-convexity and multimodality out of the way, a two-stage approach was proposed by Chiong (1985) formulating the problem in terms of separated sets of flows and heads.
The stages are: (1) calculate flows in pipes only as a function of demands looking for the maximum flow uniformity; (2) given all pipe flows calculate nodal heads to obtain minimum cost using Equation (1) as the OBF and the usual constraints. Chiong (1985) introduced the principle of minimum variance to calculate the flow distribution in the first stage. This principle has a unique global minimum for any network. Flow uniformity not only prevents the ''opening'' of the loops but also is relevant for the sake of reliability; for this reason researchers have frequently dealt with pipe flow distribution, other arguments and citations can be found in Martínez (2007) and Gupta et al. (2008) .
The variance V Q of a set of N values of Q flows can be calculated as
where N is number of pipes in the network and Q j is flow in any pipe j.
Recall that on each loop any one of its pipe flows can be selected as independent variable. The other pipe flows belonging to the loop are then a function of the selected one.
After substitution of nodal flow Equations (3) for all loops, and calculating derivatives with respect to each selected-asindependent loop pipe flow, the result is Equation (13) for each loop. Calculation of second derivatives shows that this is a global minimum:
As stated in Equation ( The second stage produces also a unique global minimum because, if the flows are given, the problem is convex and unimodal as has been shown elsewhere. Therefore, the twostage approach is a straightforward procedure that can produce a unique, global, reproducible solution.
In spite of these advantages, the described approach was not able to realize the economic advantages of the looped network. This was introduced just recently as Equation (8) ( Martínez 2007) where not only the advantages of the looped network are brought into light but also a methodology is proposed to obtain optimal reliability level as well as the optimal design demand based on cost analysis (Martínez 2010) .
Then the proposed two-stage approach fulfills the characteristics stated before as follows: 
THE ENTROPY APPROACH
The idea of uniform flow distribution has also been analyzed by other researchers in association with the maximum entropy principle (Awumah et al. 1991; Tanyimboh & Templeman 2000) . Goulter & Bouchart (1990) used an approach with a fixed flow distribution but they did not say how it was obtained. Awumah et al. (1991) use an entropy formulation based on inflows to nodes in an optimization model and apply it to the same example of Morgan & Goulter (1985) with a constraint enforcing a minimum entropy level and giving a split-pipe type solution. This approach should be considered at least doubtful because the results are very close to the original example, which was found to be highly infeasible by Afshar et al. (2005) . Nevertheless, the entropy inflow formulation, from a practical viewpoint, would seem to be more redundancy-related than the outflow formulation. As an illustration, Table 1 shows a statistical comparison of flow distribution calculated with maximum entropy and minimum variance for two small networks. Network 1 is the 8-pipe example given as case A in Tanyimboh & Templeman (1993a) and Network 2 is the 7-pipe example of Tanyimboh & Templeman (1993b) . In Table 1, 27.8; 41.7; 41.7; 41.7; 27.8; 55.5; 55.5; 55.5; 27.8; 41.7; 27.8 . Optimization is now performed under Equation (8) (7)- (9) which relate to dispersion of diameters.
The T&T alternative is evaluated for cost with the same OBF, Equation (8 Several reliability parameters are shown in Table 4 .
Columns (2) and (3) add up to 100% and are estimated from pipe failure frequency. Using shortfall calculations a nodal reliability is obtained as the expected fraction of satisfied demand in the node. Column (4) is the geometric mean of nodal reliabilities while column (5) is the volumetric reliability of the whole network. Volumetric reliability is obtained considering all nodes, it is the expected fraction of satisfied demand in the whole network. Column (6) shows the expected fraction of time that at least 90% of demand will be fulfilled.
Although the results of the three alternatives are very close to one another, the two alternatives from the proposed approach are slightly better.
CONCLUSIONS
A discussion about the inconvenience of the search for the global optimum in the classical sense has been introduced.
When diameters are used as decision variables it is perhaps not possible to avoid that kind of search. The alternative of including reliability as an additional constraint in the diameters search has not been fully successful and in any case keeps the uncertainty as to the quality (optimality) of the solution.
A two-stage approach was presented formulating the problem in terms of separated sets of flows and heads. This approach practically eliminates the uncertainty about the optimality of the solution and gets rid of non-convexity and multimodality. It is also a clear economic vindication of the looped network (Martínez 2007 (Martínez , 2010 .
A critical study of the entropy approach shows its inherent drawbacks. A comparative example demonstrates that the proposed approach, besides the advantages in using the principle of minimum variance, is quite competitive as concerns uniformity of flow distribution, uniformity of diameters, cost and reliability. 
